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To desi gn b r  m i ni r u r RF detocusing the maximum focusing field should

be used c / I n s i s t e n t  with a goo d q u a l i t y  ~~ } I’M focusing. The beam perv—

e lnee should tl~ -n be C h / - s 4 - f l  to he compatible with minimizing the RF

defocusing while still giving adequate RF performance and meeting system

vol t a ge  requ I rerw-n t s.

An inter est i ng  relationshi p that can he used as a guide to the maximum

focusing fit- id to use in a PPM structure comes from Equation (19).

Rewriting this expression , wh ich is actually an identity based on the

definition of a , gives

B
kgauss 

— __________- 
f . 

— If ~ \ L (28)
(~lIz - 

e cl.~

For the op er a t i n ~ p a r a m e t e r s  assumed t h r o u g h o u t  t h i s  r e p o r t  of F~~~~/ ’  =

1.3 t o T i c a l ly  at m i dh a n d  fr e q u e n c i e s , o = 0.15 f o r  5~ o r les s PPM beam

ri p p l e , and f o r  i n te gr a l  pole  piece f o c u s i nc  (I. = 2 ~ ) the above
e x ; -r e s s i ( - n  reduces  to

B 213 f • 
(29)

gauss (.Hz

This r e p r e s e n t s  the  m a x i m u m  B focus ing  f i e l d  t ha t  can be u t i l i z e d

under the above c o n s t r a i n t s .  Th use of larger fields would require - 

-

either relaxing titc- parameter a , operating at smaller values of

~e
f
c~~

Tt
~ 

or going to an external magne t structure such that half the

magnet period could be made less than the RF cavity period. For a

coupled cavity circuit , the required diameter of an external magnet

structure --c riousiv limits its ability to achieve high axial fields at

short periods , t - ven with tile use of the rare earth m -ignets. In such

a ca s e , size and total w e i g h t  1€ -c /On e  e x t r e m e l y  impor tan t  cons ide r a t i ons .
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3.6 i - i- ;RvF: A NC }-: AS A DESICN PARAMETER

We have seen throughout much of the technical discussion that beam per—

v e • in c e  is a key factor in PPM focusing. This is especially true when

conf~ nement of the  beam is bein~ considered . In genera l , all aspec ts
of c o n f i n i n g  and f o c u s i n g  a PPM beam are eased as t h e  beam perveance

is made lover .

Beam perveance also i lays a m ajor role In the  RF in t e r a c t i o n  p rocess .

Ih e coup ling between ‘he circuit and beam waves in a linear beam tube

is inversely proporti onal to the beam h -elI an ce . Normally , low impe-

dance beams (high perveance , low voltage) are employed in TWT designs

to achieve a strong h&-i m —ti rcui t cou.pllng, and also to keep the voltage

low from t i /k - standpoint of easing systec power supp ly requirements.

However , even though the RF coupling may be high , the effect of space

charge forces with hig her perveances may actually lower the net inter-

action between the beam and the circuit.

Since the hi gh power tubes studied during the course of this program

all suffered difficulty from the stand point of apply ing con f ined PPM

focusing to the existing designs , the effec t on tube performanc e of

lower ing the perveance was investigated . Computer experiments with the

high perveance (gPerv = 1.8) 559H tube actuall y showed improved inter-

action efficiencies with a lower perveance design .

Altho ugh the 559H is nominally a 125 kW tube operating over the frequency

range 3.1—3.5 CHz Figure 65 (Appendix B) shows tnidband power output

levels in excess of 1(0 kW. The computer model was simp lified to some

ex ten t  in o rde r  not to complicate later variations of the model when

design parameters were varied. Even so , 11 different cavity circuit

• types were emp loyed in order  to model the various circuit tapers used

in  the  559 11 f o r  e i t h e r  i~i a t c h i n g  or f o r  efficiency enhancement purposes.

64
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Initial computer runs gave approximately 132 kW of saturated power at

band cen t e r , - d o t  of the measured power output. W i t h  a sli ght increase

in volta ge the computer va lue  was b r o u g h t  up to 139 kW . However , these

c a l c u l a t i on s  were based on a beam d i a m e t e r  obta ined  f r o m  an assumed

value ot rtn s foc ro ing  f i e l d  based on a measured peak value of field .

~sh e n  an a c c u r a t e  c a l c u l a t i o n  of the ratio of m s  to peak field was made

~or t h e  559 11 f o c u s i n g  geomet ry  i t  was found that this ratio was actually

considerably less than the assumed value . A readjustment of the beam

diameter consIstent with the true m s  focusing field in the tube pro-

duced a computed saturated — otput power of 164.7 kW , which is extremely

clo se to tile measured values. The final beam filling factor was 0.55

for t i e output circuit and 0.50 for the drive sections.

Assuming the RF model to be accurate the tube was redesigned , electri—

caliv , to operate at a lower perveance (0.7 rather than the original

1.8 pPerveance) but wi th the same DC beam power of approximately 750 kW .

This required an operating voltage of around 65 kV. A somewhat smaller

bea m hole and ~a were used in the modified design , consistent with the

lower perveance beam. The tunnel diameter was reduced from an original

0. 42 inches in the input sections and 0.596 inches in the output sec-

tion to 0.482 inches throughout. The basic cavity period was increased

from 0.910 to 1.16 inches for operation at 65 kV and 11.54 amps.  The

same beam f i l l i n g  f a c t o r , b / a  = 0 .55 , was assumed and essentially the
same B r i l l o ui n  va lue  of f o c u s i n g  field was required (the new design

be ing sl ightly lower).

The lower perveance des ign , which would be more compatible for PPM beam
0

confinement and control of RF defocusing, produced over 260 kW of com—

p //ted saturated power output at band center. The basic conversion

e f f i c i e n c y  I n c r e a s e d  f r o m  a p p r o x i m a t e l y  22% to slightly over 35%.
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Real iz ing  t h a t  I f  the  beam were to be confined th e effective space

charge deb un ch ing fnrces would be greater , the performance was also

calc ula ted , pessimistically, using the space charge field model appro-

priate for an infinitely confined beam . Under these conditions the

power output dropped to 1~~4.4 kW at hand center with 1(2 .9 and 147 .7 kW

at the lower and upper band ed ges respective l y. Since a PPM beam would

never be totall y c o n f i n ed , a somewhat higher power output than this

could be anticipated in a real design.

Th us , the f easib il it y of red ucing perveanc e in h igh pow er TW i des igns

without loss of RF performance is indicated . Low perveance beams have

les s spac e char ge , are more easily foc used , the RF defoc using fo rces

are less , and the demodulating or debunching forces are lower such that

a greater depth of modulation is achieved for a given circuit inter-

action impedance. The chief disadvantage of lower perveance is the

need for higher operating voltages to achieve the same power output.

However , the inc reased bas ic e f f iciency of a low perveance des ign , com-

bined with the non—linear beam power relationship between perveance

and voltage , causes voltage to increase relatively slowly as the per—

veance is decreased. (For example , if d ropp ing the perveance in ha l f  -

were to result in a design with half again as much efficiency, onl y a

12 percent increase would be required in the beam voltage.) On the

other hand , while it has been demonstrated that a lower perveance

des ign can resul t in h igher e f f ic ienc ies , the e f f e c t of conf in ing a

beam increases the e f f e c tive space charg e debunch ing forces for a given - s

beam geome try , which in turn red uces the gain and e f f ici ency from that

which would be ach ieved without confinement. However , even in a

soleno id foc used tube , such a penal ty in terms of voltage and effi-

ciency would accompany the increase in average power capab il it y ach ieved

through confined flow focusing .

66 -

~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



w SW 
5-

1 . 7 TRA VE l INF h -\Vh Tt l-d- T h E R M A L  M O DE L

3 .7 .1 I n t r o d u c t i o n

A t i / e r r o l  m o il ,- l of the o u t pu t  sect  ion of the  559 11- T r a v e l i n g  Wave Tube

(TWT ) was p r e t - ~~red to  evaluate the effect of axial conduction on temp-

erature distributi on in t h e tube and to perform thermal studies for

v a r i a t i o n s  in ci - lan t type and coolant passage geometry.

Conduction and forced convection to the coolant were the only modes of

heat transfer considered in the thermal model. Heat losses by free

convection eNte~~ al to the TWT and thermal radiation external and inter-

nal to the TWT were not considered. Neglecting thermal radiation and

free convecti (-n results in a conservative analysis in that temperatures

of t he  overall TWT would  be s l i gh t l y h ig her  than a c t u a l .

3.7.2 Modeling Technique

Pole p ieces and spacers used in the  thermal  model  are shown schemati—

call y in Fi gure 28 .  U t i l i z i n g  the f a c t  tha t  the pole pieces are

symmetrical about a plane which bisects the kidney hole it was only

necessary  to model a 180 degree section of the pole pieces . Th is 180

deg ree section modeling procedure was also used for the cavity spacers .

All  pole pieces were  modeled  w i t h  f i v e  d i s t i n c t  s l ices normal  to the

long axis of the tube. These continue radially outward to the outside

r ad iu s  of t he  k i d n e y  ho l e .  Outward  f rom this  r ad iu s  the pole pieces

are modeled as a s ingle sl ice norma l to the tub e axis .  Figure 29 is

a typical representation of the pole piece modeling described above .

Figures 30 U i r o - i g h  34 show a typ ical nodal model of a circular pole

piece. Shown is the radial and circumferential nodal network employed

throughout the model. -
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L IMIT OF 3 LAYER - - - ______ —

He d~
cf 

~

-

~~~COOLANT

LIMIT OF 3 LAYER -- — - CHANNEL

!- i g / re 29 Ty p i c a l  s e c t i o n i n g  of p o l o  p i eces
for therma l model .
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The spacers were modeled using a single radial slice with circurnferen-

t ial  node arrangements coinciding with those of the pole p ieces.

Blocks of nodes were allocated to each of the spacers and pole pieces

to allow for possible later expansion of the thermal model while retain-

ing numerical continuity . Table 1 presents the block node numerical

allocations used in the model. Note that all nodes numbered in the

8000 series represent  su r f ace  nodes of the coolant channels , all those
in the 9000 series represent coolant channel fluid nodes. Nodes with

other numerical designations represent TWT circuit structure.

Conductors between nodes also were allocated in blocks to allow for

possible expansion of the thermal model. Tables 2 and 3 present
connec tor (adm ittance) lists for  thermal paths in the structure and
coolant channel systems , respectively. Appendix D presents estimates

of the temperature in the area of the node and the subsequent material

properties used to calculate the thermal conductances between adjacent

node s. During the computer runs the conduc tances remain invar ian t wi th

temperature.

Equations for use in describing turbulent and laminar flow in the TWT

coolant channels are presented in Appendix C. Included therein is a

general discussion of the effects of channel curvature , asymmetric heat-

ing, en t rance condi tions , and channel ro ughness on heat transfer.

3.7.3 Computer Programs

The 559H therma l model was solved using the CINDA thermal program.

CINDA is a di gital computer program that is tailored for solving the

lumped parameter representation of a physical problem governed by dif-

fusion type equations. It allows the user to choose one of many finite

d if f e r e n c ing me thods un iq ue to transient or steady—state heat transfer

75
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TABLE 1

NODE NUNBE- :l< ALLOCAT IONS FOR THERMAL MODEL
T. W .T .  55 9 H , H . A . C .

- -- 

N de Number Allocation for Thermal Nodel

Coo la n t  Coo lan t
Channe l  Channel

In t e r n al  Surface Fluid
Component  Nodes Nodes Nodes

_ _ _ _ _ _ _  - -— - - - -____ ______—

Spacer  ( S l )  1 -~ 50 8 O) ~ t h r u  9001
8009

Pole P i ec e  (P1) 51 ~ 550 8010 t h r u  9//C ,
8100 9030 t h r u

9039

Spacer ( s2 )  551 -U 600 8101 t h r u  9003
8109

Pole P iece  (P2 )  601 1050 8110 t h r u  9004 ,
8200 9040 th ru

9 ( /4 9

Spacer (S3)  1051 -~ 1100 9201 t h r u  9005
8209

Pole Piece (P3) 1101 1600 9210 thru 9006 ,
9300 9050 thru

- 9059

Spacer (S4) 1601 -U 1650 8301 thru 9007
3309

Pole PIece (P4) luSi 2100 8310 thru 9008,
8400 9060 thru

9069

Spacer (S5) 2101 -÷ 2150 8401 thru 9009
8409

• Pole P Ie - - - (115) 2151 -U 2650 8410 thru 9010 ,
8500 9070 t h r u

9079

* 
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TABLE 1

NODE NUI-1B1- k ALLOCATIONS FOR THERMA L MODE L
T. N .T. 559 H, H.A.C. (CON’r)

Node Number Allocation for Thermal Model

Coolant  Coolant
Channel  Channel

I n t e r n a l  S u r f a c e  Fluid
Component N o d e s  Nod es Node s

Spacer  (S6)  2651 -~ 2700 8501 th ru  9011
8509

Pole P i e c e  (P6 )  2701 -~ 2850 8150 th ru  9012 ,
8600 9080 th ru

9089

Sp a c e r  ( S 7 )  2851 -* 2900 8601 th ru  9013
8609

Pole Piece  (P7 )  2901 -~ 3050 8610 t h r u  9014 ,
8700 9090 th ru

9099

Space r ( 58) 3051 -~ 3100 8701 thru 9015
8709

Pole Piece (P8) 3101 -* 3250 8710 thru 9016 ,
8800 9100 thru

9109

Spacer (S9) 3251 -~- 3300 8801 thr u 9017
8809

Pole Piece (P9 )  3301 -~ 3450 8810 t h r u  9018 ,
- 8900 9110 t h r u

9119

4
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TABLE 2

(~~
I ) I- (~~ OR LI Si FOR ~I iIIRNA L PAl IL S IN TWT S1RU~~iUR }-.

I . E .T .  559 II , H . A . C .

P (: ) I1 I ~onU -
~t 

5-
C o n n e c t o r  L i s t , S t r u c t u r a l

S pa c e r  (S l )  1 th r ~ 29

I’ ole P i e c e  (F l )  
- 

30 th r u  349

Space r ( S 2 ) 
I 

350 t h r u  399

Po le I j c ~~e (P 2 )  4Q0  t h r u  71 -~

S I - o L e !  ( 9 3 )  720 t h r u  7 99

Pole I j e c t  (P3 )  800 t h r u  1129

C :) a c e r  ( 5 4 )  1130 t h r u  1i99

Pole Piece ( 14 )  120° t h r u  1599

Spacer  (S5)  1600 t h r u  1699

P01 e P I t - c c  (P5)  1700 t h r u  2 0 9 9

Spacer  ( 5 0 )  2100 t ( I r U  219)

Jole I’ b c e  ( P 6)  - 2200 t h r u  229~i

Sp ace r  ( S 7 )  2300 t h r u  2399

Pole PIece ( P 7 )  2400 thru 2490

Space r  (S8) 2500 t h r u  2599

Pole Pl C -c l (P 8)  2600 t h r u  20 99

N pdcer (S9 )  
I 

2700 t h r u  279 0

Pole  P i e c e  ( 1’0) 2800 t l i r u  2899

Includes axial c o n n e ct / I r s  to a d j a c e n t  component , see
A pp end ix B f o r  a d d i t i o n a l  d e t a i l  l i s t i n g  of i n d i v i d u a l
c / I n n / - c t -!  S

t 78
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TABLE 3
( / ) NE LC T OR 1.1ST FOR THERMA L PATHS IN TWT CO OLANT SYSTEM

T . N . T .  559 II , }LA . C .

C o n n e c t o r  L i s t , Coolant  System

Conduc t i on , Convec t ion , Co nvect  io n
S u r f a c e  Nodes Coolant  Channel Coolant  Fluid

to S u r f a c e  to to
Component Structure Nodes - Flu id  Node Fluid Node

Spacer (51) 5001 t h r u  5009 8001 t h r u  8009 9001

Pole Piece (P 1) 5010 thru 5100 8010 thru 8100 9002, 9030
thru 90~ 9

Spacer  ( 52 )  5101 t h r u  5109 8101 thru  8109 9003

Pole Piece (P2) 3110 thru 5200 8110 thru 8200 9004, 904 0
t h r u  9049

Space r  (S3)  5201 t h r u  5209 8201 t h r u  8209 9005

Pole Piece (P3) 5210 thru 5300 8210 thru 8300 9006, 9050
t h r u  9059

Spacer (S4) 5301 thru 5309 8301 thru 8309 9007

Pole P iece  (P4) 5310 thru 5400 8310 thru 8400 9003 , 90 60
t h r u  9069

Spac er (S5) 5401 thr u 5409 8401 thr u 8409 9009

Pole l iec~ (P5) 5410 thru 5500 8410 thru 8500 9010, 9070
th ru  9079

Spacer (S6) 5501 thru 5509 8501 thru 8509 9011

Pole Piece (P0) 5510 thru 5600 8510 thru 8600 9012, 9030
t h r u  9089

Spacer (S7) 5601 thru 5609 8610 thru 8609 9013

I’ole }~i e e  (P7) 5610 thru 5700 8610 thru 8700 9014, 9090 2

t h r u  9089
______  - --- _____  ____________  _________ 
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TABLE 3

~ ‘p:I:CT OR LIST FOR THER1L-\L PATHS I N  Th’T C) [ANT SYSTI.I
T .N . T .  559 H , H . A . C .  ( C0NT)

r -

I

- 

C o n n e c t o r  L i s t , Coolant  Sy s t e m

C o n d u c t i o n , C o n v e ct i on ,~ Co n v e c t i o n
S u r f a c e  Nodes Coo lan t  C h a n n e l  Co o l a n t  F l u i d

to - S u r f a c e  t I  to
C / m i / L I nen !- S t r u c t u r e  Nodes Flu id N o d e  F l u i d  N o de

Space r  ( 9 8 )  5701 t h r u  5709 8701 t h r u  6709 9015

l’ole P iece (P 8)  5710 thru 5800 8710 t h r u  8800 -~01° . 0100

- 

- - ti /ru 91 )’~

Spacer (S9) 5801 thru 5809 8801 t h r u  8809 ~ i I 1 7

Pole P i e c e  ( 1 9 )  5810 t h r u  5900 8810 t h r u  8900 o U l S , 0 110

L - 

t h r u  0 119

F

~0

a

81/
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a n a ly s i s  01 a Resist or — C ap a c i t o r  ( R — C )  n e tw or  r e p r e s e n t a tio n  of .~~

t he rma l  system . The pr / p r a m  accommodates  large networks  upwards  of

4,000 nodes. The Hughes Aircraft Co. version of CINDA includes a -,elec—

tion of subroutines fm !:. a large C!NI)A subroutine library and may be

used with certain m - d ~~i ied For trin s t o t e m e nt s  as i np u t  data . Separa te

user written Fortran subroutines can he merged ~ith the CINDA program .

These attributes permit great flexibi lit ’,- in problem formulation. CINDA

is p r o g r a m me d  in Fortran 1V for execution on the IBM 370 computer.

Once the thermal network is detH i~ec! w i t h i n  C I N D A  the execution of the

pr - grin. I ollows the flowchart shown in Figure 35 . All heavy lined

boxe s in the fIcwch jrt represent separate Fortran subroutines or Fortran

programming  w i t / / i n  the  C I N D A  e x e c u t i o n  b l o c k  t h at  were w r i t t e n  by Hughes.

Other subroutines which set initial scalar  values , those which read and

write information , as well as those decision making boxes in the flow—

chart are standard on all thermal programs run by t c~ mechanical engi-

neering section at the Electron Dynamics Division of Hughes. The rou-

t ine (HELNI) which calculates the heat transfer coefficients in

s u b r o u t i n e  V a r i a b l e s  1 of ( 1 N 1) A  has the same basics as two routines

w r i t t e n  by Hughes f o r  s t r a i g h t  channel  f l o w .

3 . 7 . 4  Fl uid Flow Cool ing

The standard straight channel h (film heat transfer) routine needed two

changes to be incorporated into the 559H model. Since the numbering o’~
the nodes allowed for later expansion of the model , gaps existed in the

node sequence for the fluid to flow channel surface. Arrays were incor-

porated into the subroutine which allowed the undefined nodes to be

skipped in the calculation routines . Appendix C shows the t- tfect curved

channels h ave ofl heat transfer capabilities compared to strai ght
I

channels. In this model both straig h t channels down the long axis of

the tube as well as curved channels through the pole pieces exist. In
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BEGIN EXECUTION

4,
SET INIT IAL VALUES
T MAX 

- T IME

0MAX 0~98 0TOT
2~ T ALL OW 0.005

- NO
CHECK FOR IN IT IAL  READ STORED TEMPS
RUN OF MODEL 

_____ 
INTO NODES

Y E S  — 
V A I~~ABLE S 1 1

_  INPUT Q

CALL MATRIX  ‘~ 
~~~~1~~~Lc I 

-

HALF AT CALC 
~ 

T MAX 
~~!<t m I 2. CHECK TIMER ]

ALLOWA RLE __________________________ I _________ _________

2 NO I 
4,

Y ES L_ _ _  t > t M~~X_j

—1 
IF 2 4 1 < 2 4 T

4,
Y ES

CALC QOUT 1
4,

NO IF 0OUT > 0MAX

4, 
YES

CALL OUTPUTS
1. STORE TEM PS 

______________

2. CALC POWER DENSITY 
—

3. PRINT DATA

4,
END

Fi gure 35 CINDA execution block diagram .
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HFLN1 the curved channel heat transfer equations were id led  to tI/C

straight channel equations and a logic decision was incor icra tej ‘itc

the subroutine to decide whether a given surfa- e n. Ic was in a curved

or straight channel.

Since the 559H model represented 180 degrees of a circ u it , only 1/2 tue

total power to the circuit was input. With the entire flowrate o: the

cool ing fluid input , adjustment of the bulk temperature rise of the

fluid within the model was necessary. This was accomp lished by calcu-

lating the amount of powe r com ing from each individual pole p iece and

then inputting that powe r into dummy fl uid nodes which represen t the

fluid on the non—existent 180 degrees of the circuit model. The f ’u id

now exhibits a temperature rise indicative of absorbing the amount of

power that the entire circuit would absorb .

3 .7 .5 Analytical Results

In arriving at a therma l model for the 559H circuit it is necessary to

make certain assumptions with regard to the distribution of the inter-

cepted beam powe r alon g the circuit under saturated drive conditions.

A typical operating condition was assumed of 6~ DC beam interception

(most of which is assumed to be intercepted prior to the output section)

and approximatel y 121 total interception under full drive . Allowing for

the fact that the RF d~-tocused electrons would , on the average , have

lost up to 20% of tb~ - r original energies the intercepted beam power

was taken as 807 ~ t the product of the circuit voltage (44 kV) and the

portion of the int l-tro t ted current due univ to RF defocusing (l.32A) or

46 .464 kW peak intercepted power. This power was assumed to be spread

over the last fil l pole p ie~ e ferr-iles with a lO%—20%—207—25%—251 dis-

tribution , the most powe r being inter cepted by th e cole pieces closest
I

to the coil - - t o m . At 5~ duty t b / c  po le  p iece i n t e r c e p t e d  l-o .~e r s  ar e  t l e n

232—4 6 5—465 — 58 1—58 1  Watts respectively.
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be above thermal input powers were used in generating tempe r atu r e

data for a representative condition of operation. No RF heating of the

cavity was input , later Glycol coolant in concentration 0/1 /407 was

1n 7 -ut at the collector end of the model with an ambi ent temperatur e of

65°c and a flow r ate  of 4 gallons per m inute. Temperatures for re/ Ire—

sentative nodes on each pole piece and spacer are shown in Fi gures  Jo

through 33 . Figure 3-. shows the isotherma l profiles around the fer-

rule on pole p ice 1. The temperature distribution on pole piece 1 is

also tabulated for an increased flow rate of 8 gallons per minute  in
Figure iD .

Figure 56 presents an interesting result. Considering that heat is

being app lied only at the pole piece ferrule , it appears that very

little longitudinal heat transfer occurs along the circuit length.

This effect is primaril y due to the close proximity of the ferrule to

the coolant channel. One also notices that a majority of the /)wer is

absorbed into the fluid very near tb/c ferrule. This area around the

ferrule shows large thermal gradients , as disp layed in Figure 54, again

primarily due to the proximity of the coolant channel. Figure 55

indicates that only small reductions in the maximum temperature occur

by doubling the flow ~~~~~ This result is not surprising in that the

fluid flowing at 4 gpm is already in turbulent flow and a drastic

increase in heat transfer coefficient (h) is not achievable with 8 gprn

flow .

i. 7.6 Conclusions

The actual enorgv level and distribution of the intercepted electrons

is not known with any accuracy. The thermal model of the 559H with the

above assumed thermal i n p u t powers gives reasonable temperature rises

in  each of the various pole pieces and points out the thermal strengths

and weaknesses of the dc-sig n . In this respect the model is useful and
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